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a b s t r a c t
The reaction γ p → K ∗+  was measured using the CLAS detector for photon energies between the
threshold and 3.9 GeV at the Thomas Jefferson National Accelerator Facility. For the ﬁrst time, spindensity matrix elements have been extracted for this reaction. Differential cross sections, spin density
matrix elements, and the  recoil polarization are compared with theoretical predictions using the BnGa
partial wave analysis. The main result is the evidence for signiﬁcant contributions from N (1895)1/2−
and N (2100)1/2+ to the reaction. Branching ratios for decays into K ∗  for these resonances and further
resonances are reported.
© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
The thresholds of new channels in photoproduction provide a
promising way to search for new baryon resonances or to study
their properties. At and just above a threshold, low-spin resonances can often be identiﬁed which otherwise may be hidden
behind dominating higher-spin resonances. The N (1535)1/2− resonance with spin J = 1/2 and negative parity is the most prominent feature of η photoproduction and hard to ﬁnd in photoproduction of pions. The N (1710)1/2+ is clearly seen in γ p → K + 
while it has been controversially discussed in π N elastic scattering. At or just above the K ∗+  threshold at 2007 MeV, a number
of missing resonances is expected. In particular, the negative-parity
states are predicted to have large couplings to K ∗+  [1] and might
reveal their existence in photoproduction of this ﬁnal state. The
isospin of the  is zero, so any resonance decaying into K ∗+ 
must belong to the nucleon sector. The K ∗+  threshold falls into a
range where several nucleon resonance are reported but only two
of them, N (1900)3/2+ and N (1875)3/2− , are listed in the RPP14
[2] with three-star status. Hence it is interesting to study the reaction γ p → K ∗+  and to search for baryon resonances that may
contribute to the reaction.
In this Letter, we report on the ﬁrst measurement of the spin
density matrix elements of K ∗+ (892) mesons observed in the reaction chain:

γ p → K ∗+ (892) ; (missing)
K ∗+ (892) → K S π + ; K S → π + π − .

(1)

For most of the data presented here, the  is reconstructed as a
missing particle. For the determination of the  recoil polarization,
the neutral kaon is treated as a missing particle.
2. Data and data analysis
The experiment used the CEBAF Large Acceptance Spectrometer (CLAS) [3] at the Thomas Jefferson National Accelerator Facility.
Real photons were produced by bremsstrahlung from a 4.02 GeV
electron beam from the Continuous Electron Beam Accelerator Facility (CEBAF) incident on a thin gold foil. The photon energy
was determined event-by-event with an energy resolution of about
2–3 MeV by measuring the recoil electron energy in a dipole magnetic ﬁeld. The tagged photons were collimated and then impinged
on a 40 cm long liquid hydrogen target positioned near the center
of the CLAS spectrometer. The CLAS detector has a toroidal magnetic ﬁeld, along with tracking drift chambers and high-precision
timing scintillators used to identify particles emanating from the
target in coincidence with the tagged photon. Details of the CLAS
detector are given in Ref. [3].
Data selection and a method to subtract the background are
described in detail in Ref. [4] where results on differential cross
sections were ﬁtted with Legendre polynomials. In Ref. [4], the
momenta of the three pions from the decay sequence K ∗+ →
K S0 π + → π + π − π + were measured, and the  was identiﬁed via
its missing mass. The same data selections (particle identiﬁcation,
vertex cuts, etc.) are used here. We outline here the major steps.
K S candidates are deﬁned by a M K S ± 15 MeV mass cut while
the rare events with both M (π1+ π − ) and M (π2+ π − ) falling into
this window are removed. Integrated over all data, the K S has
a signal to background ratio of 2:3 and a mass resolution of

http://dx.doi.org/10.1016/j.physletb.2017.05.029
0370-2693/© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
SCOAP3 .
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Fig. 2. Example of a ﬁt eliminating (1385).
Fig. 1. Example of two Gaussians plus a second order polynomial ﬁt to the reconstructed  and  0 missing mass peaks (adapted from Ref. [4]).

σ  6 MeV. Events in the K S side bins (see Fig. 2 in Ref. [4]) are
subtracted. In the event-based likelihood method described below,
they enter the calculation with negative weight. Further, the missing mass of the three pions, i.e., the mass of the  candidate, is
required to fall into the window M  ± 35 MeV. Fig. 1 shows the
distribution of the missing mass recoiling against the π + π − π +
system. The signals due to  and  0 are seen.
The resulting event sample is still not yet free of background.
The main source is due to the reaction γ p → K S  ∗+ (1385) with
 ∗+ (1385) → π + but also higher mass  ∗ ’s resonances contribute to the background. For the present analysis, we used four
background-subtraction methods: one consisting of a series of cuts,
the other three exploit a variant of the Q-factor method developed
in Ref. [5]. The motivation for investigating different background
subtraction methods is to estimate the systematic uncertainties associated with the different methods. In a ﬁfth method, we use a
Monte Carlo simulation of the background.
In the ﬁrst method, two additional cuts were applied: the
missing mass recoiling against the K S should not be compatible
with the  0 mass, and the three-pion mass should be consistent
with the M ( K ∗+ (892)) mass (i.e., M (π + π − π + ) between 850 and
935 MeV).
In the second method we veto the  0 mass as above and apply the Q-factor method to identify the K ∗+ (892) mesons. The
π + π − π + mass distribution is ﬁtted for every 100 MeV bin in
photon energy and nine bins in cos θ K S as a sum of a Breit–Wigner
with the 892 MeV mass and 50 MeV width and a polynomial background. Every event with a given π + π − π + mass has the probability Q to be a K ∗+ (892):

Q ( K ∗ (892)) =

Signal
Signal + Background

.

(2)

When all events are weighted with the Q-factor, the K ∗ signal
emerges without background.
In the third method, the Q-factor is ﬁrst applied to remove
events that are compatible with K ∗+  0 production. The distribution of missing masses recoiling against the K S (for ﬁxed energy
and K ∗+ (892) angle) is ﬁtted as a sum of a Breit–Wigner function
(with M = 1383 MeV and
= 36 MeV) and a polynomial background (see Fig. 2) and the Q-factor is calculated. Subsequently,
a second Q-factor is determined to extract the K ∗+ (892) in the
presence of a π + π − π + background.

The fourth method is a variant of method 2 but the Breit–
Wigner function is replaced by a convolution of Breit–Wigner function with the M = 892 MeV and = 50 MeV and a Gaussian, the
so-called Voigt function. The Gaussian resolution is determined in
the ﬁt to 0 < σ < 5 MeV. Fig. 3 shows a few examples of ﬁts using a Voigt function. Although the ﬁts shown in the ﬁgure are not
ideal, the consistency between the ﬁt results and the other methods to obtain the signal give us conﬁdence that the uncertainties
are handled properly.
In the ﬁfth method, events due to γ p → K S  + (1385),
 + (1385) → π + , and due to γ p → K S  + (1800),  + (1800)
→ π + , are generated with phase space distributions, and reconstructed with the CLAS event reconstruction program. (1800)
is supposed to represent the contribution of higher mass  ∗ resonances. The data are ﬁtted with these two background contributions and a Voigt function, with no constraints for energy and
angular dependence. In some cases, a residual background is seen
for which we have found no explanation. However, the extraction
of the K ∗ signal yields a stable result. This unidentiﬁed background
may be the reason that in some cases, the ρ density matrix elements scatter more than expected.
The methods 2 to 5 give nearly identical results for all distributions. The results on the differential cross section are fully
consistent with those presented in Ref. [4] but differ slightly; we
assign these differences due to the systematic uncertainties in the
background subtraction and use the difference between the results
from Ref. [4] and the fourth method to estimate the systematic uncertainty for the differential cross section; for the ρ density matrix
elements we use the mean difference between the ﬁrst and the
fourth method to estimate the systematic uncertainty. The results
from Ref. [4] or, respectively, from the fourth method are used as
central values. In addition, there is an overall ﬂux uncertainty of
±8%. This is included in the error on branching ratios given below.
To extract the density matrices we have ﬁtted every energy and
K ∗+ angle bin with the following equation [6]:

W (cos

, )=



3
4π

−

√

1
2

1

(1 − ρ00 ) + (3ρ00 − 1) cos2

2Re ρ10 sin 2

2

cos

− ρ1−1 sin2

cos 2


.
(3)

are angles of the K S in the K ∗+ (892) rest system.

Here
and
The events were rotated to have X Z as the reaction plane and
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Fig. 3. K S0 π + invariant mass distributions for 2200 < W < 2300 MeV and nine equidistant ranges in cos θ covering the full angular range, starting from backward angles in
the top-left plot. The solid curve represents a ﬁt with a Voigt function (dashed) plus background from a Monte Carlo simulation.

boosted from the center-of-mass system keeping the direction of
the Z-axis (Adair system). The function (3) was minimized with an
event by event maximum likelihood method with



N data

L=

j

W data
j
N
MC
i

,

(4)

W iMC

where W j is calculated from (3) for each event in the data and
Monte Carlo sample. In the likelihood ﬁt, every event was multiplied with its Q factor. Different Q-factor distributions led to
slightly modiﬁed density matrix elements; these variations are included in the systematic uncertainty. As mentioned above, the
systematic errors are determined from the difference between
two methods of background substraction. This method was chosen since some distributions (examples are shown in Fig. 3) show
a background which is not fully understood. Often, the differences
are large enough in these cases. But in some cases, the differences
are small leading to (unrealistic) small total errors.
The  recoil polarization P is determined from the  → p π −
decay asymmetry. In this case, the momenta of the proton, the
π − from the  decay and the π + from K ∗+ → K 0 π + were measured and the K 0 was reconstructed as a missing particle, where
the background was subtracted using the two side bands. Full details of the  recoil polarization extraction are given in Ref. [7].
The statistical power of the P measurement is limited; it was
hence determined for four angular bins only excluding backward
production of  hyperons. We show the differential cross sections
and the ρ density elements in Figs. 4, 5 and the  polarization in
Fig. 6. Integration of the differential cross section yields the total
cross section shown in Fig. 7.

3. Partial wave analysis
The amplitude for photoproduction was ﬁtted in the framework
of the P-vector approach [8] where the photon–nucleon interaction is taken into account as production of an initial state. The
strong interacting part is treated in the framework of the D-matrix
approach where the real part of the loop diagram is calculated using a N/D-based technique. The regularization of the amplitude is
achieved by one subtraction. The details of this approach are given
in Ref. [9]. The background contributions are obtained from the
reggeized exchanges of pseudoscalar, scalar, and vector mesons in
the t-channel [9,10].
The primary aim of this study is to search for missing resonances
and to identify N ∗ resonances decaying into K ∗ . Therefore we
limit the ﬁt range for the differential cross section and density matrix elements to W < 2.6 GeV even though the ﬁts are shown over
the full W range. The new data on γ p → K ∗+  are included in
the BnGa data base, which contains data on γ p → π N, η p, K + ,
K  , π 0 π 0 p, π 0 η p, π − p → K 0 , π p → K  , π − p → π 0 π 0 p,
and the SAID amplitudes for π N elastic and charge exchange scattering. References to the data base used in the BnGa analysis can
be found elsewhere [11–13]. Recent additions can be found on
our web page [14]. Those parameters that describe the data ﬁtted earlier were ﬁxed to those from the solution BnGa2014 [13].
A selection of resonances is allowed to decay into K ∗ : these couplings as well as parameters for the t-channel exchange amplitudes
were ﬁtted freely in all ﬁts discussed here.
First ﬁts with either K + , K ∗+ , or K 0∗+ exchanges alone, with
no N ∗ → K ∗  decays admitted, result in bad descriptions of the
data (χ 2 / N data = 3799/720 where the error is calculated from the
squared sum of statistical and systematic errors in Figs. 4–6); in
particular the recoil polarization is predicted to vanish identically.
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Fig. 4. (Color online.) Differential cross sections (top) and the ρ00 and density matrix elements (bottom) for the reaction γ p → K ∗+ (892). The uncertainties contain
statistical and systematic contributions. The solid curves represent the ﬁnal BnGa ﬁt, the dashed (red online) curves are ﬁt with t-channel contributions only, the dotted
(blue online) curves are ﬁt with the new high-mass resonances omitted. The ﬁts are restricted to invariant mass below 2.6 GeV, making curves at higher energies a prediction.
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Fig. 5. (Color online.) The ρ10 (top) and ρ11 (bottom) density matrix elements for the reaction γ p → K ∗+ (892). The uncertainties contain statistical and systematic
contributions. The solid curves represent the ﬁnal BnGa ﬁt, the dashed (red online) curves a ﬁt with t-channel contributions only, the dotted (blue online) curves a ﬁt in
which the new high-mass resonances are omitted. The ﬁts are restricted to invariant mass below 2.6 GeV, making curves at higher energies a prediction.
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Table 1
Branching ratios for N ∗ → K ∗  decays. For the states denoted with ∗ we assume
γ p = 0.1 MeV.
N (1880)1/2+
N (2100)1/2+
N (2120)3/2−
N (2000)5/2+
N (2190)7/2−
N (2250)∗ 3/2−

0.8 ± 0.3%
7.0 ± 4%
< 0.2%
2.2 ± 1.0%
0.5 ± 0.3%
10 ± 5%

N (1895)1/2−
N (1875)3/2−
N (2060)5/2−
N (1900)3/2+
N (2355)∗ 1/2−
N (2300)∗ 5/2−

6.3 ± 2.5%
< 0.2%
0.8 ± 0.5%
< 0.2%
6 ± 1.5%
4.5 ± 1.4%

Table 2
Masses and widths of tentative additional resonances contributing to the reaction
γ p → K ∗+ .

Fig. 6. Recoil polarization of the . The solid curves represent the ﬁnal BnGa ﬁt, the
dashed (red online) curves a ﬁt with t-channel contributions only, the dotted (blue
online) curves a ﬁt in which the new high-mass resonances are omitted. The ﬁts
are restricted to invariant mass below 2.6 GeV, making curves at higher energies a
prediction.

With all three t-channel processes admitted, the ﬁt improves considerably, but it is still far from being satisfactory. The χ 2 / N data
for the differential cross section is 5.64 for the 126 data points,
for density matrix elements 4.58 for 378 data points and for recoil polarization 2.59 for 38 data points. The ﬁt exhibits signiﬁcant
deviations between data and ﬁt curve. This ﬁt is shown as dashed
(red online) curves in Figs. 4, 5 and 6.
Exploratory ﬁts showed that the subthreshold N (1895) 1/2−
and N (1880)1/2+ resonances play an important part in the reaction. We hence tried a ﬁt with t-channel contributions and where
the two resonances N (1895)1/2− and N (1880)1/2+ were allowed
to decay into K ∗ . The ﬁt improves considerably, χ 2 / N data decreases to 3.37 for the differential cross section, to 3.31 for the
density matrix elements and to 1.15 for the recoil asymmetry. Restricted to the W region below 2.2 GeV, χ 2 / N data goes down to
2.05 for dσ /d cos (54 points) and to 1.66 for ρ (162 points).
As a next step, we included the N ∗ → K ∗+  decays of all
resonances used in Ref. [13], i.e., N (1875)3/2− , N (1880)1/2+ ,
N (1900)3/2+ ,
N (1990)7/2+ ,
N (2000)5/2+ ,
N (2060)5/2− ,
N (2100)1/2+ , N (2190)7/2− . Most of the resonances give N ∗ →
K ∗+  branching ratios with small values, compatible with zero.
Those were set to zero in the further ﬁts.
This ﬁt, shown by the dotted (blue online) curves in Figs. 4, 5
and 6, gives a reasonable description of the data with a χ 2 = 1.92
(differential cross section), 1.84 (density matrix elements), and
0.61 recoil asymmetry for 126, 378 and 38 data points, respectively. However, signiﬁcant deviations are still observed in the
mass region 2200–2350 MeV. In particular, the total cross section –
obtained by integration of the predicted differential cross section –
shows a lack of the intensity in this mass region (and an excess
at high energies). Therefore we added to the ﬁt one by one resonances with total spin up to 9/2. Visible improvements of the
ﬁts are achieved with added negative-parity resonances with spin
J = 1/2, 3/2 or 5/2, masses between 2220 and 2350 MeV, and
widths in the range of 150 to 300 MeV. Resonances with 7/2 and
9/2 with negative or positive parity provided only marginal improvement and did not ﬁll the lack of intensity in the total cross
section.
The best solution is achieved when three states with J P =
1/2− , 3/2− , 5/2− are introduced to the ﬁt. The ﬁt describes the
data with χ 2 / N data 0.84, 1.84 and 0.76 (differential cross sec-

Resonance

Mass

Width

N (2355)1/2−
N (2250)3/2−
N (2300)5/2−

2355 ± 20 MeV
2250 ± 35 MeV
30
2300+
−60 MeV

235 ± 30 MeV
240 ± 40 MeV
205 ± 65 MeV

tion, density matrix elements, recoil asymmetry). However, the
ﬁt is still acceptable when only two of the three resonances are
introduced. The three combinations of nucleon resonances with
J P = 1/2− + 5/2− , 1/2− + 3/2− , and 3/2− + 5/2− produce the
description of very similar quality. The masses and widths of the
J P = 1/2− and J P = 3/2− states are rather stable in all ﬁts, the
mass of the J P = 5/2− state is somewhat low for the ﬁt with
3/2− + 5/2− states.
We notice that in highest-energy bins the predicted cross section of the full model (solid curve) is larger than the measured
cross section, and that the model with no resonances is closer
to the data. However, in the last four mass bins the total χ 2 is
1281 for the full ﬁt (with resonances) and 2120 for the ﬁt without (dashed). The prediction for the ρ density is thus much better
for the ﬁt with resonances included. When the last four bins were
included in the ﬁt, the masses and widths of the resonances remained stable.
In Table 1 we list the branching ratios for the resonances contributing to the reaction. Here, there is one principle problem: the
pole positions of two resonances, N (1880)1/2+ and N (1895)1/2− ,
are below the threshold for K ∗  decays. Branching ratios are deﬁned at the nominal mass, and hence they vanish when the mass
is below the K ∗  threshold or are very small if they are just
above. For this reason, we have integrated the K ∗  decay spectrum of these two resonances and normalized this number to the
total number of events assigned to the resonance.
The three new resonances have a large product of branching ratios for N ∗ → N γ and N ∗ → K ∗ . The photocoupling of the new
resonances cannot be determined, and hence no deﬁnite conclusions can be drawn. In Table 1 it is assumed that the γ N partial
decay width is about 0.1 MeV.
Here we should add one word of caution. The three resonances
listed in Table 2 describe the data but are seen only in this one
reaction. It is possible that these resonances actually stand for a
large number of resonances expected at these high masses; their
common effects might be reasonably well described by a sum of
two or three resonances with appropriate spin-parities. Hence the
evidence is weak at present that these resonances have the masses,
widths, and spin-parities listed in Table 2.
Fig. 7 shows the total cross section for the reaction γ p →
K ∗+  and the dominant contributions. At its maximum, the tchannel K and K 0∗ (1430) exchange contributions make up more
than 50% of the cross section; K ∗ exchange is also included
but is much less pronounced. However all three exchanges together produce a range that is shown by vertical (blue online)
hatched region. The sum provides a rather stable fraction of the
total cross section (see the enclosed dot-dash region in Fig. 7).
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Fig. 7. (Color online.) The total cross section for the reaction γ p → K ∗+  and the
decomposition into its main components: the sum of t-channel exchanges, and the
contributions from the I = 1/2, J P = 1/2− and 1/2+ partial waves. The hatched
regions are labeled above, and the solid curve represents the ﬁnal BnGa ﬁt. The
dashed line represents a ﬁt which excludes the three high-mass resonances.

Just above the threshold, the most signiﬁcant contributions stem
from N (1895)1/2− and the J P = 1/2+ partial wave with two
resonances, N (1880)1/2+ and N (2100)1/2+ . The contribution of
the N (1895)1/2− resonance depends on the introduction of the
N (2355)1/2− resonance. The hatched areas shown in Fig. 7 include
the range of all ﬁts with two or three high mass states added to
the basic solution. The change in the intensity of the 1/2− partial
wave inﬂuences also the contribution of the 1/2+ partial wave to
the cross section shown by enclosed dashed region.
4. Discussion and conclusions
Preliminary results on differential cross sections for γ p →
K ∗+  [15] and γ p → K ∗0  + [16] had been presented at NSTAR
2005. Oh and Kim ﬁtted the differential cross sections and found
that K 0∗ exchange might provide a signiﬁcant contribution to the
K ∗0  + but is less important for K ∗+  [17]. Ozaki, Nagahiro, and
Hosaka reproduce the total cross section for γ p → K ∗+  [18] assuming that the reaction is dominated by t-channel exchanges.
However, their predictions for the energy dependence of the density matrix element show a wrong sign and a wrong energy dependence. Ref. [19] is the ﬁrst on which addresses possible contributions from N ∗ resonances. In a ﬁt to the differential cross sections
for 2100 < E γ < 2700 MeV, they ﬁnd small contributions from two
resonances. One is now known as N (2120)3/2− and a new resonance N (2200)5/2− (which we might see at 2300 MeV); other
partial waves are not investigated, and most intensity is assigned
to t-channel exchanges. We notice however that the backward region is not well described. Also the structure seen at θ ∼ 55◦ is not
reproduced by their ﬁt. In a more recent work, S.H. Kim, Hosaka
and H.C. Kim reinvestigated K ∗  photoproduction off protons [20].
The comparison of the results of our work with earlier partial wave
analyses underlines that t and u-channel contributions are not sufﬁcient to describe the data. The ﬁt in [20] included K ∗ , K , and
K 0∗ exchange in the t-channel, ,  , and  ∗ exchanges in the
u-channel, a contact term, and in the s-channel, the nucleon. However, several N ∗ resonances were required in addition. The latter
work presented the most comprehensive analysis; we compare the
results from our work with their results.

In [20] the N ∗ resonances N (2000) 5/2+ , N (2060) 5/2− ,
N (2120) 3/2− , and N (2190) 7/2− were included. The properties
of the resonances were ﬁxed to values derived in [11,21] or to values predicted in a relativistic quark model [22]. The N (2100)1/2+
was not included in [20] because of the lack of information. The
analysis [20] and the one presented here agree that in the region
E γ < 2.5 GeV, Born terms contribute about 60% of the total cross
section at its peak value (0.4μb) but N ∗ resonances in the fourth
resonance region and above are required to get a good ﬁt. The
detailed partial wave contributions remain, however, controversial.
In [20] the N ∗ resonances N (2120)3/2− and N (2190)7/2− provide the strongest contribution; N (1895)1/2− and N (2100)1/2+
are not tested in [20]. We believe that the data on γ p → K ∗+ 
do require N (1895)1/2− and contributions from the J P = 1/2+
wave. N (1895)1/2− requires an electric dipole transition E 0+ to be
excited, and decays into K ∗  in a relative S-wave. N (2100)1/2+
(and N (1880)1/2+ ) require magnetic M 1− transitions and P -wave
decays. These resonances provide the strongest contribution in our
analysis. These contributions are missing in [20]; this may be the
reason for the poor ﬁt quality for 1.8 ≤ E γ ≤ 2.3 GeV in [20]. Finally, we point out the importance of polarization information for
constraining partial wave analyses. Data with beam or target polarization are not available, but here we use at least the recoil
polarization and the ρ density matrix elements.
Summarizing, new data on the spin-density matrix elements
for the K ∗ mesons and the  recoil polarization produced in the
reaction γ p → K ∗+  are presented. The data are ﬁtted within
the BnGa partial wave analysis. It is found that N (1895)1/2− and
N (2100)1/2+ provide very signiﬁcant contributions to the reaction. Indications for three new resonances decaying into K ∗  is
reported.
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